tyrosine-containing proteins (17-19).
0.26 mM TAME, 0.2 mM Pefabloc SC, pH 7.5) by Ç100 hand strokes Molecular cloning in combination with immunoin a glass homogenizer equipped with a Teflon pestle. The homogechemical analysis demonstrated the existence of sev-nate was centrifuged at 100,000g for 60 min at 4ЊC. The supernatant eral isozymes in mammalian neuronal and nonneu-was filtered through a layer of glass wool. ronal tissues (3, 20) . The existence of CaN was also Chromatography on DEAE-cellulose. The 100,000g supernatant demonstrated in nonmammalian (21 -24) , plant (25) , (70 ml) was applied to a chromatography column (diameter 1.6 cm, length 15 cm) filled with DEAE-cellulose. The column was washed and lower eukaryotic cells, including Dictyostelium with 170 ml of buffer A and then eluted with a linear gradient from (26) and several fungi (3) . There is only restricted 0 to 250 mM NaCl in buffer A. The total elution volume was 216 ml.
immunochemical information available on the exis-Fractions of 4 ml were collected and assayed for pNPP-phosphatase tence of CaN in the ciliated protozoan, Paramecium activity (see below). Positive fractions at 40-50 mM NaCl were pooled tetraurelia (27, 28), whereas some other protein Ser/ and dialyzed against buffer A. Thr phosphatases have been isolated (29) and characChromatography on heparin-agarose. The dialyzed pNPP-phosphatase sample (24 ml) was loaded onto a heparin-agarose column terized in more detail, including PP-1 (30, 31), PP-(diameter 0.6 cm, length 15 cm) equilibrated with buffer A. The 2A (30), and PP-2C (32) .
column was washed with 44 ml of buffer A and then eluted using a
In the present study we have taken into account the linear salt gradient ranging from 0 to 500 mM NaCl in buffer A. The characteristic enzymatic properties of mammalian total elution volume was 32 ml and each fraction contained 0.75 ml. CaN (PP-2B) for its identification in Paramecium. We Fractions were assayed for pNPP-phosphatase or protein phosphatase activity using the substrate pNPP or [ 
phatase, sharing several characteristics with CaN from
Chromatography on phosvitin-Sepharose. Alternatively, the diabovine brain when their enzymatic, physical, and im-lyzed pNPP-phosphatase sample was applied to a phosvitin-Sephamunochemical properties are compared.
rose column (diameter 0.6 cm, length 15 cm) and chromatography was performed as previously described (34) .
MATERIALS AND METHODS

Phosphorylation of Histone Materials
Histone type II-S was phosphorylated by the catalytic subunit of Heparin-agarose, protein A-agarose, aprotinin, leupeptin, socAMP-dependent protein kinase from bovine heart. The reaction mixdium orthovanadate, levamisole, heparin, N-p-tosyl-L-arginine ture of 1.5 ml contained buffer B [10 mM triethanolamine-HCl, 15 methyl ester (TAME), ExtrAvidin-alkaline phosphatase, Fast BCIP/ mM 2-mercaptoethanol, 10% (v/v) glycerol, 1 mM pepstatin A, pH 7.5], NBT (5-bromo-4-chloro-3-indolyl phosphate p-toluidine salt/ni-5 mM MgCl 2 , 0.1 mM ATP, [g-
32
P]ATP (100 MBq/ml), 7 mg histone troblue tetrazolium), histone II-S, and bovine brain CaN were ob-II-S, and 0.21 mg protein kinase. After 60 min at 30ЊC the mixture tained from Sigma (Deisenhofen, Germany). DEAE-cellulose was was dialyzed for 1 h at pH 7.5 against 3.9 M (NH 4 ) 2 SO 4 , 15 mM 2-from Whatman (Maidstone, UK); compound R24571 (calmidazolmercaptoethanol, and 1 mM pepstatin A. Protein precipitated during ium), bovine brain calmodulin, biotinyl-e-aminocaproic acid Ndialysis was collected by centrifugation, resuspended in buffer B, hydroxysuccinimide ester (Biocaps) were from Calbiochem (Baden and dialyzed against several changes of buffer B for 24 h. 32 P incorpoSoden, Germany). Protein assay dye reagent, Kaleidoscope preration was followed by spotting an aliquot of the phosphorylated stained standards, and slot blot manifold with accessories were pursample on chromatography paper as described in Ref. (33) . chased from Bio-Rad (Munich, Germany); pNPP and trifluoperazine (TFP) were from Boehringer-Mannheim (Germany); sodium potassium L(/)tartrate and Pefabloc SC were from Merck (Darmstadt, Assays for Phosphatase Activity Germany); and pepstatin A was from Serva (Heidelberg, Germany). SDS protein molecular weight markers (LMW) were purchased from Assay for phosphohistone II-S dephosphorylation. PhosphoproPharmacia LKB Biotechnology (Freiburg, Germany), okadaic acid tein phosphatase activity was measured based on the release of 32 P i was from Bio-Trend (Köln, Germany), and 45 Ca was from Amershamfrom labeled histone II-S. In routine assays, reaction was initiated Buchler (Braunschweig, Germany). Nitrocellulose (NC) membranes by adding 0.02 ml of Paramecium samples (in buffer A) to a mixture (BA-85) were obtained from Schleicher-Schuell (Dassel, Germany) of 0.02 ml containing 20 mM triethanolamine-HCl, 2 mg/ml bovine and PVDF membranes (Immobilon-P) from Millipore GmbH (Eschserum albumin (BSA), 2 mM MnCl 2 , and 2 mM 32 P-labeled histone born, Germany). Radioactive [g- 32 P]ATP and phosvitin-Sepharose II-S (2.6 MBq/ml), pH 7.5. Incubations at 25ЊC were terminated after were prepared as described in Ref. (33) . Other reagents and all sol-20 min by addition of 0.04 ml of 20% trichloroacetic acid. After cenvents used were of analytical grade. trifugation at 18,000g for 2 min, aliquots of 0.04 ml of the supernatant were added to 1 ml H 2 O and subjected to Cerenkow counting of radioactivity.
Cell Cultures
Assay for pNPP dephosphorylation. pNPP-phosphatase activity P. tetraurelia wild-type cells (strain 7S) were grown at 25ЊC in a was measured by the release of para-nitrophenol (pNP) (17) . Stansterile synthetic medium and processed as previously described by dard incubations of 200 ml were performed at 25ЊC in microwell modKissmehl et al. (34) .
ules (diameter 0.59 cm, Nunc, Wiesbaden, Germany) containing buffer C (20 mM Tris-HCl, 10 mM NaCl, 20 mg/ml BSA, pH 7.4) and 10-to 20-ml aliquots of phosphatase samples in the presence of 1 mM
Isolation Procedure for pNPP-Phosphatase(s)
MnCl 2 . For further characterization assays were also run in the presence or absence of EDTA, EGTA, CaCl 2 , MgCl 2 , NiCl 2 , CuCl 2 , Crude extracts. Cells (Ç10 liters) harvested and washed were homogenized in 72 ml of buffer A (20 mM triethanolamine-HCl, 10%
and ZnCl 2 , respectively, each at 1 mM. CaM dependency was analyzed with 0.1 mM CaCl 2 and 287 nM CaM (from various sources), glycerol, 15 mM pepstatin A, 75 mU/ml aprotinin, 100 mM leupeptin, in either the presence or absence of an additional divalent cation. pH 9.9) was used. The molecular masses of the proteins on the gels/ blots were estimated as described by Ref. (43) . pNPP hydrolyzing was also probed in the presence or absence of various antagonists or phosphatase inhibitors, i.e., compound R24571 (12.5 mM), trifluoperazine (100 mM), sodium phosphate (10 Western Blots mM-50 mM), heparin (1-250 mg), okadaic acid (50 pM-25 mM), Na vanadate (0.15-150 mM), levamisole (0.25-25 mM), or Na,K-L(/) tar-NC membranes or PVDF membranes containing the protein replitrate (0.25-25 mM) at either pH 7.4 or 8.6. All these agents were cas obtained after SDS-PAGE and electrophoretic transfer were cut used either separately or in various combinations, as indicated. After in strips and blocked with 5% (w/v) nonfat dry milk in TBS (20 mM 10 min of preincubation reaction was started by adding pNPP in a Tris-HCl, 500 mM NaCl, pH 7.4) for 30 min at room temperature. final concentration of 5 mM. pNPP was dissolved in water just before The strips were incubated with polyclonal antibodies against either use. Formation of pNP was monitored spectrophotometrically in a bovine brain CaN or Paramecium CaM (44) . Antibodies were diluted Titertek Multiscan MCC/340 ELISA reader (Flow Laboratories 1:2000 in 0.25% (w/v) nonfat dry milk and TBS and applied overnight GmbH, Meckenheim, Germany) at 405 nm either by the time course at 4ЊC. Controls were run using antibodies of the preimmune serum. of the reaction or after termination by adding K 2 HPO 4 at a final Antibody labeling was performed by goat anti-rabbit IgGs coupled concentration of 13%. Controls were run to account for nonenzymatic to alkaline phosphatase (Sigma) with 5-bromo-4-chloro-3-indolyl pNP formation. Specific activity was calculated using the molar ex-phosphate (BCIP) and nitroblue tetrazolium (NBT) as substrate, in tinction coefficient for the para-nitrophenolate anion ( 
Polyclonal Antibodies against Bovine Brain CaN
strips, 5 mM EGTA. BioCaM binding was visualized by ExtrAvidin-A rabbit polyclonal antiserum against CaN from bovine brain alkaline phosphatase using BCIP and NBT as substrates. For detecwas raised according to the immunization scheme of Kincaid (37).
tion of CaM-binding proteins in enriched Paramecium extracts, samFor controls 5 ml of serum was obtained prior to immunization.
ples were separated by SDS-PAGE, transferred onto NC memFrom both sera and preimmune sera, aliquots were taken and branes, and processed as described for bovine brain CaN. prepared for IgG fractions using two subsequent chromatography steps on DEAE -cellulose and protein A -agarose. Specificity of 45 Ca Overlay Technique the antibodies was tested using the direct ELISA technique as described previously (38) .
The 45 Ca overlay technique was carried out according to the method of Hincke (47). Briefly, NC membranes containing the electrophoretically transferred protein replicas from SDS-PAGE were Protein Determination soaked three times in IKM buffer (10 mM imidazole-HCl, 60 mM KCl, 5 mM MgCl 2 , and 0.5 mM DTT, pH 6.8) at room temperature Protein determinations were performed by the method of Bradford for 30 min with three changes of the solution, followed by incubations (39) with chemicals obtained from Bio-Rad (Munich, Germany). BSA with 50 ml IKM buffer containing 20 mg 45 Ca (0.03-0.05 MBq/ml) was used as a standard.
for 20 min at 20ЊC. Unbound 45 Ca was removed by incubation twice with 5% (v/v) ethanol for 2 min each. Membranes were then blotted
Electrophoretic Techniques
to dryness between filter paper and exposed to Kodak X-Omat film, for 8-16 days at 070ЊC, in Kodak X-Omatic cassettes with intensifier Protein samples were denatured by boiling for 3 min in sample screen. buffer (0.4 M Tris-HCl, 1% SDS, 0.5% DTT, 20% glycerol, pH 8.0) and subjected to electrophoresis on linear gradient (10-20%) SDS polyacrylamide gels using the discontinuous buffer system of RESULTS Laemmli (40) . Before electrophoresis, samples were alkylated for 30
Isolation and Enzymatic Characterization
min at 20ЊC by 2% iodoacetamide. Protein standards were used in accordance with the manufacturer's directions. Gels were either For enzymatic screening of CaN in Paramecium exstained with silver or prepared for electrophoretic protein transfer tracts we used pNPP as a substrate in vitro (17, 18) .
onto NC membranes or PVDF membranes. Protein blotting was per- Figure 1A illustrates the separation of two minor (Peak formed at 1 mA/cm 2 for 1 h either according to the technique of Kyhse-Andersen (41) using the semidry blotter from Ken-en-Tec (Co-I and Peak II) and one major (Peak III) Mn 2/ -stimupenhagen, Denmark) or in a Bio-Rad Mini Trans-blot cell equipped lated pNPP-phosphatases from the soluble fraction of with a Bio-ice cooling unit. In the latter case, renaturation of proteins Paramecium whole-cell homogenates by DEAE-celluwas promoted by the method of Dunn (42), when gels were incubated lose chromatography, with activity peaks at 40-50, for 60 min at 20ЊC in 50 mM Tris-HCl, 20% glycerol, pH 7.4, and a carbonate blot buffer (10 mM NaHCO 3 , 3 mM Na 2 CO 3 , 20% methanol, 80-100, and 130-170 mM NaCl, respectively. By this chromatographic step about 63% of total pNPP-hydrolyzing activities in the soluble Paramecium fraction were recovered in the course of which Peak I amounts to Ç7% and Peak II and Peak III to Ç9 and Ç47%, respectively (Table I) Further enrichment of Peak I was achieved by a subsequent affinity chromatography on heparin-agarose, which separates the pNPP-phosphatase activity of Peak I from another coeluted phosphoprotein phosphatase, Peak Ia. This protein phosphatase binds onto heparin-agarose, but does not catalyze the dephosphorylation of pNPP (compare Fig. 1B with 1C ). With 32 P-labeled histone, another substrate for mammalian CaN in vitro (11, 12, 49) , we demonstrate that Peak I is also able to dephosphorylate this Ser/Thr-phosphorylated substrate (Fig. 1C) . Other chromatographic steps, e.g., on phosvitin-Sepharose, were insufficient to further separate pNPP-and protein phosphatase activities of Peak I (data not shown). This would be consistent with the intrinsic pNPP-phosphatase activity of the phosphoprotein phosphatase CaN in mammals. Although we succeeded in the separation and isolation of pNPPphosphatase Peak I, yield and purification achieved by this isolation procedure are low (Table I) .
The effects of several metal ions (Me 2/ ) on the pNPP hydrolysis of the three pNPP-phosphatases have been compared with those of bovine brain CaN (Table II) DEAE-cellulose eluate, far off any pNPP-phosphatase Note. Data represent a typical experiment. Isolation procedure and assay conditions were as described under Materials and Methods. Specific activities were calculated in the presence of 1 mM MnCl 2 after 30 min. Values in parentheses in last column refer to the 100,000 g supernatant. activity (Fig. 1A) , are able to activate bovine brain CaN tested, the response to TFP (100 mM) or R24571 (12.5 mM) depends on the type of phosphatase tested and on in the same range as it occurs with CaM from bovine brain (data not shown), which strongly supports the the presence of CaM in the assay, as we observed with brain CaN and Peak I, but not for Peak II and Peak presence of endogenous CaM in this fraction, Fr-89 (see Fig. 2A, lane 5) .
III. In the presence of CaM, the pNPP-phosphatase activity of bovine brain CaN is clearly reduced by Ç50% The failure to further stimulate the activity of one of the three pNPP-phosphatases, especially of Peak I either by TFP or by R24571, whereas an increase of about 40-50% occurred when, under identical assay phosphatase, by added CaM might be attributed to the presence of residual CaM in this fraction. Therefore, conditions, no CaM was present. phosphatase activities of Peak I in concentrations of ú100 mM at pH Ç7, whereas Peak III was not influenced (data not shown). Surprisingly, the response of bovine brain CaN strongly resembles that of Peak I (data not shown).
Immunobinding Assays
Specificity of the polyclonal antibodies raised against bovine brain CaN was confirmed either by indirect ELISA (results not shown) or by immunoblot analysis using original CaN from bovine brain (Fig. 3, lane 1 in Peak I fractions after heparin-agarose chromatography (data not shown), which we could visualize by silver staining (lanes 2 of Figs. 2A and 2B, arrowhead) . CaM antagonists, regardless of whether Paramecium Surprisingly, in these fractions we failed to detect a CaM was added or not. Without CaM added, inhibition protein similar to CaN B. Such a reactive band of 17 by TFP was Ç25 and Ç45% by R24571. In the presence kDa, however, occurs in Peak III fractions (Fig. 3 , lane of CaM inhibition by R24571 was Ç20%. Based on this 4), far off an immunoreactive band of 63 kDa (lanes 2 observation, we conclude that trace amounts of endoge-and 5). A possible explanation might be the separation nous CaM in Peak I fractions are present, as we could of both Paramecium CaN subunits due to the absence confirm (see below).
of Ca 2/ during their fractionation. This is in contrast Phosphate, a nonspecific inhibitor for phosphatases, to CaN in mammalian systems (see Discussion). strongly inhibits the activity of each of the pNPP-phosImmunoblot analysis with Paramecium CaM specific phatases tested, with IC 50 values of 0.15, 0.25, 12, and antibodies (Fig. 4) from Ref. (44) confirms our assump-0.1 mM for Peak I, Peak II, Peak III, and bovine brain tion that CaM occurs in both Peak I fraction (lane 2) CaN, respectively (data not shown). Other inhibitors, and Fr-89 (lane 3). These results strongly support our e.g., heparin or okadaic acid, which are specific for pro-finding that Fr-89 contains CaM (Fig. 2A, lane 5) and tein Ser/Thr phosphatase-1 (PP-1) in mammalian and activates bovine CaN (data not shown). Paramecium cells (30, 52, 53), do not influence the activity of Peaks I-III (data not shown). The same is true CaM and 45 Ca Overlays for any identity of Peak I and Peak II with protein Tyr phosphatases by lack of vanadate inhibition (54),
In the presence of Ca 2/ , biotinylation of bovine brain CaM resulted in the incorporation of Ç6 mol biotin/mol whereas pNPP-phosphatase Peak III was half-maximally inhibited at concentrations even below 100 nM CaM (results not shown). In slot blots biotinylated CaM (BioCaM) interacts with high affinity with bovine brain (data not shown). Further analysis with levamisole and L(/)tartrate, established inhibitors of alkaline (55) and CaN in a Ca 2/ -dependent manner (results not shown). By probing blots from the DEAE-cellulose eluate with acid phosphatase (56), also exclude any identity of the three pNPP-phosphatases with any of these phospha-BioCaM (Fig. 5) we also identified a 63-kDa protein in fractions of Peak I (lane 2, arrowhead) as well as in Frtases. However, L(/)tartrate strongly inhibits pNPP- Note. Reaction mixtures containing 10 mM NaCl, 20 mg/ml BSA, 1 mM MnCl 2 , 0.1 mM CaCl 2 , 5 mM pNPP, 20 mM Tris-HCl, pH 7.4, and various pNPP-phosphatases in concentrations indicated in Table II were incubated at 25ЊC for 30 min without (A) or with (B) 287 m CaM from Paramecium (P-CaM) in the presence or absence of different inhibitors, e.g., 1 mM EDTA, 1 mM EGTA, 12.5 mM R24571, or 100 mM TFP. Controls were also run in the presence of 0.5% ethanol in which calmidazolium had been dissolved. Data represent a typical experiment. 
(lane 5) which binds CaM in a Ca
FIG. 4.
DISCUSSION
Although the existence of CaN in Paramecium has been postulated (27, 28), the unequivocal identification of CaN in Paramecium has not been accomplished. We isolated three different soluble pNPP-phosphatases, one of which shares several enzymatic, pharmacological, immunochemical, and biochemical characteristics with mammalian CaN.
Criteria for Identification of a CaN-like Phosphatase
Mammalian CaN catalyzes the dephosphorylation of a number of phosphoproteins (4, 6) and some low-molecular-weight phosphocompounds such as pNPP (17, 18) . Using this substrate, we isolated three pNPP-phosphatases from the soluble fraction of Paramecium whole-cell homogenates, designated as Peaks I-III, of which only Peak I may represent the catalytic subunit of CaN for the following reasons. Peak I which also contains an intrinsic phosphoprotein-phosphatase activity was further enriched by affinity chromatography on heparin-agarose since sufficient Paramecium CaM was not available for coupling to Sepharose and since which might account for PP-1 because it lacks pNPP-phosphatase activity in Fig. 1B and immunoreactivity onciled with our assumption of the identity of Peak I with CaN. Our arguments are as follows. Mammalian with CaN specific antibodies and since it is sensitive to heparin (data not shown).
CaN occurs in different conformational states, depending on the presence of the regulatory subunit and We also checked all three pNPP-phosphatases for possible identity with CaN on the basis of (i) Me (Fig. 4) or enzymat-though this allowed coelution of CaN A and B in mammalian samples (4) . Therefore, we also performed reically by sensitivity to trifluoperazine or calmidazolium (Table III) . Although other phosphatases, e.g., protein constitution experiments with fractions containing the CaN B subunit (data not shown). Immunoblots or 45 Ca Tyr phosphatases or alkaline or acid phosphatase occurring in Paramecium (61, 62) , also hydrolyze pNPP, overlay analysis unfortunately revealed that subunit B of Paramecium CaN coelutes with Peak III phosphaa possible interference for Peak I (and for Peak II) can be excluded by inhibitor responses. From further enzy-tase. Since Peak III contains approximately half of the total soluble pNPP-phosphatase activity in Paramematic analysis of Peak III, we assume this pNPP-phosphatase to be identical with a Ca 2/ -and vanadate-in-cium, even after vanadate inhibition residual phosphatase activity in Peak III was too high to allow unambighibited alkaline phosphatase, which was previously found in the soluble fraction of Paramecium cells (48). uous detection of Ni 2/ -stimulation of Peak I during reconstitution. We also failed to recover any activity of On the basis of all our results we conclude that only Peak I can represent the equivalent of mammalian CaN the second, i.e., the nonactive, form of CaN in the CaMcontaining fraction. The existence of catalytically low A in Paramecium.
These findings were further corroborated by immu-active forms of CaN was recently reported for rat crude brain extracts which has been interpreted as meaning nobinding analysis with CaN specific antibodies and by overlay techniques to determine binding of CaM or that CaN might be under the control of not only a positive, but also a negative regulation mechanism and Ca 2/ . In the Peak I fraction we demonstrated immunoreactivity of a 63-kDa CaM-binding protein which we, both may involve unidentified endogenous factors (67).
Remarkably bovine brain CaN is stimulated by CaM therefore, assume to be the equivalent to mammalian CaN A. A 63-kDa CaM-binding protein in Paramecium from Paramecium. This was not foreseeable since Paramecium wild-type CaM contains 19 amino acid exalso has been previously described, although its identity has not been established (63) . A size of 63 kDa changes as well as some posttranslational modifications (68) which substantiates that only endogenous, is not unusual since, in nonneuronal systems, CaN A ranges between 55 and 80 kDa, depending on the spe-but not mammalian, CaM can substitute for mutant CaM in repairing ciliary functions in Paramecium (50). cies and the cell type analyzed (21, 26) . We also showed the existence of an immunoreactive and Ca 2/ -binding Finally, our conclusion on the existence of CaN in Paramecium is supported by the recent identification protein of 17 kDa in another fraction, which may represent the equivalent to the regulatory subunit of mam-of part of the Paramecium CaN gene by molecular cloning, showing Ç46% identity with the mammalian gene malian CaN.
However, we must admit several unusual features, (69), although no detailed data have been published as yet. Taken together, these data strongly support the i.e., the absolute requirement for Mn 2/ , the absence of the regulatory subunit in a catalytically active fraction, existence of CaN in Paramecium. Future reconstitution analyses of recombinant subunits may allow more deand the existence of a second immunoreactive, but catalytically nonactive form, which altogether must be rec-tailed biochemical characterization.
